Previously, we have shown that human umbilical cord blood stem cell (hUCBSC) treatment downregulate cyclin D1 in glioma cells. To study the cell cycle progression and investigate the upstream molecules regulating cyclin D1 expression, we analyzed the involvement of extracellular signal-regulated kinase (ERK) and its functionality after treatment with hUCBSC. We observed downregulation of pERK after hUCBSC treatment at both transcriptional and translational levels. Increased translocation of ERK from cytoplasm to the nucleus was observed in glioma cells, whereas hUCBSC cocultures with glioma cells showed suppressed nuclear translocation. This finding suggests that hUCBSC regulates ERK by suppressing its phosphorylation at phospho- 
Introduction
G lioblastoma multiforme, an aggressive primary brain tumor, displays extensive infiltration into the surrounding brain tissue, thereby making it resistant to existing therapeutic strategies. There is currently no optimal treatment due to tumor invasiveness and an inability to deliver therapeutic agents directly to the tumor site. This lack of effective, targeted delivery mechanisms has especially slowed down the development of novel gene therapy strategies [1] . A better understanding of the molecular mechanisms that contribute to the biology of gliomas is crucial for developing effective treatment strategies. The extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) pathway has been a popular target of cancer therapeutics because of its overexpression in many malignancies. ERK is involved in the control of fundamental cellular processes such as cell proliferation, survival, differentiation, apoptosis, motility, and metabolism [2] . ERK/MAP kinases drive cell cycle progression through modulation of cyclin D1 expression and associated cyclin-dependent kinase activity. The ERK/MAPK pathway mediates signal transfer from cell surface receptors to ERK/ MAPK that is then distributed to different effectors that induce Ras activation. Activation of Ras further recruits Raf kinases to the cell membrane where they are sequentially activated, inducing a signal transduction cascade that includes the MEK/ ERK kinase mitogen activated protein kinase (MEK), ERK, and ribosomal S6 kinase along with a set of transcription factors like CREB, AP-1, and c-Myc [3] . MEKs phosphorylate ERK1 on threonine 202 and tyrosine 204 and ERK2 on threonine 185 and tyrosine 187 to activate their kinase activities [4] . Downstream targets for ERK include nuclear transcription factors like c-Myc that is involved in regulating cell growth [5] . Fastidious phosphorylation events regulating the Myc protein half-life involves hierarchical phosphorylation by ERK. The c-Myc protein (bHLH-ZIP family of transcription factors) induces cell proliferation by targeting and modulating transcriptional expression of genes including cyclin D1, cyclin D2, cyclin A, cyclin E, Cdk1, and Cdk4, leading to Cdk 4/6 activation associated with cell cycle G 0 -G 1 progression [6] [7] [8] . Paradoxically, c-Myc promotes cell cycle progression through heterodimerization with its biological partner Myc associated factor X (Max) [9] . Sufficient accumulation of c-Myc/Max leads to the activation of transcription of genes like cyclin D1 and Cdk 4, resulting in DNA replication and cell cycle G 1 -S transition. Myc-Max heterodimers recognize the promoter hexameric palindromic sequence CACGTG (E-box) and activate transcription of genes related to cell growth and cell cycle activation. Conversely, in the presence of Mad proteins, Max forms heterodimers with Mad and acts to repress gene transcription by associating with the mSin3 co-repressor complex via histone deacetylation [10] . The levels of MycMax-Mad in the cells thus determine the activation or repression of the target genes.
The obstacles encountered in controlling the dysregulated mechanism of these pathways in glioblastoma have prompted researchers to employ innovative strategies to understand these high-grade brain tumors. Several researchers have found that human mesenchymal stem cells could be the basis for a potential brain tumor therapy. Moreover, human umbilical cord-derived mesenchymal stem cells are often regarded as an alternative cell source for cell transplantation and cell therapy due to their hematopoietic and mesenchymal potential. Recent evidence suggests that human umbilical cord blood stem cell (hUCBSC) migrate toward gliomas and track microscopic tumor deposits, infiltrating tumor cells within the brain. Previously, we have shown that hUCBSC regulate glioblastoma progression at the G 0 -G 1 level by downregulating cyclin D1 and its associated partner kinases Cdk 4 and Cdk 6 [11] . To study in detail the mechanistic aspects of how and why the downregulation of cyclin D1 causes cell cycle arrest by hUCBSC, we targeted the upstream regulatory molecules ERK and c-Myc. In this present report, we present transcriptional expression of Mad in hUCBSC and increased Mad-Max complex in coculture experiments. Our present study focuses on the involvement of ERK with cell surface receptors and their respective ligands in the invasive phenotype of glioma cells mediated through integrins.
Materials and Methods

Antibodies and reagents
We used the following antibodies: rabbit anti-ERK1, mouse anti-pERK, mouse anti-MEK1, mouse anti-c-Myc, mouse anticyclin D1, rabbit anti-a9 integrin, rabbit anti-b9 integrin, mouse anti-a9b1 integrin, rabbit anti-GRB2, mouse antivinculin, mouse anti-Mad1, rabbit anti-Max, mouse anti-FAK, rabbit anti-paxillin, mouse anti-b-actin, and mouse anti-GAPDH (1:200 Culture of hUCBSC hUCBSCs were collected upon delivery from healthy donors with informed consent according to the protocol approved by the University of Illinois College of Medicine at Peoria Institutional Review Board. hUCBSC were isolated using Ficoll-Paque (GE Health Care, Piscataway, NJ) density gradient centrifugation. The isolated cells were plated in 100-mm plates in knockout Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 10% knockout serum (Hyclone, Logan, UT), and 1% penicillin/streptomycin. When the adherent cells reached 20%-30% confluence, they were supplemented with Mesencult medium (Stem Cell Technologies, Vancouver, Canada) containing human mesenchymal stem cell stimulatory supplements (Stem Cell Technologies) and 1% penicillin/streptomycin (Invitrogen). For coculture experiments, hUCBSC and glioma cells were cultured at a ratio of 1:1. Cocultures of hUCBSC and U251 were grown in DMEM; cocultures of hUCBSC and 5310 were grown in RPMI-1640.
Glioma cell culture
U251 cells obtained from the National Cancer Institute (NCI) (Frederick, MD) were grown in DMEM supplemented with 10% FBS (Hyclone) and 1% penicillin-streptomycin (Invitrogen). Xenograft cell line 5310 (a kind gift from Dr. David James at University of California, San Francisco) was grown in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C in a humidified atmosphere containing 5% CO 2 .
Western blot analysis
U251 and 5310 cells alone or in coculture with hUCBSC for 72 h were collected and lysed in RIPA buffer [50 mmol/mL Tris-HCl (pH 8.0), 150 mmol/mL NaCl, 1% octylphenoxypolyethoxyethanol, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)] containing 1 mM sodium orthovanadate, 0.5 mM phenylmethanesulfonyl fluoride, 10 mg/mL aprotinin, and 10 mg/mL leupeptin and then resolved via SDS-polyacrylamide gel electrophoresis (PAGE). After transfer onto nitrocellulose membranes, blots were blocked with 5% nonfat dry milk in phosphate-buffered saline (PBS) and 0.1% Tween-20. Blots were incubated with respective primary antibodies, followed by incubation with a HRPconjugated secondary antibody. Immunoreactive bands were visualized using chemiluminescence enhanced chemiluminescence western blotting detection reagents on Hyperfilm-MP autoradiography film (Amersham, Piscataway, NJ). GAPDH or b-actin antibody was used to verify equal loading of proteins in all lanes. A similar protocol was repeated for all of the different treatments.
Reverse transcription-PCR analysis
Primer sequences were designed from human GenBank sequences using Primer 3 software (v.0.4.0). For real-time polymerase chain reaction (RT-PCR) analysis, total cellular RNA was isolated from control and hUCBSC-treated cancer cells using the RNeasy kit (Qiagen, Valencia, CA) and quantified by measuring absorbance at 260 nm. Total RNA was reverse transcribed into first strand cDNA using the 1780 VELPULA ET AL. 
Matrigel invasion assay
Matrigel invasion assay was used to assess cell invasive potential as previously described [12] . Cell culture medium supplemented with 10% FBS was added to the lower chamber to act as a chemoattractant. U251 and 5310 control cells, alone or in coculture with hUCBSC, were seeded at a density of 2 · 10 5 cells/well onto the upper inserts and then incubated at 37°C. After 24 h, the noninvasive cells were removed from the upper surface of the separating membrane by gentle scrubbing with a cotton swab, and the invading cells were fixed in 100% methanol and stained with Hema-3. Similar experimental procedures were used when we investigated the inhibitory effect of ERK shRNA and rERK-mediated invasion.
Immunohistochemical staining
Detection of ERK and pERK was performed in 5 mm sections of formalin-fixed, paraffin-embedded tissues of U251 and 5310 controls or treated with hUCBSC sections. Sections were deparaffinized and then subjected to antigen retrieval for 10 min at 90°C in 0.1 M sodium citrate buffer (pH 6.0). Next, sections were washed in PBS and blocked in 10% goat serum for 30 min. A 1:100 dilution of rabbit anti-ERK and mouse anti pERK antibodies in 10% goat serum was added to sections that were incubated overnight at 4°C. After washing in PBS, sections were incubated with HRP-conjugated goat anti-rabbit IgG and goat anti-mouse IgG respectively. These sections were washed in PBS and developed with diaminobenzidine (DAB) substrate (Sigma-Aldrich) to produce color. The specificity of ERK and pERK staining was confirmed by a lack of staining without primary antibody or an isotype-matched irrelevant antibody. After counterstaining with hematoxylin, sections were mounted, cleared, cover slipped, and examined using a confocal microscope. For immunofluorescence, sections were treated with primary antibodies overnight at 4°C and then treated with appropriate Alexa Fluor secondary antibodies at room temperature for 1 h. Negative controls were maintained either without primary antibody or using IgG. Antigen retrieval was performed in the citrate buffer (pH 6.0). All immunostained sections, which were stained with fluorescent antibodies, were counterstained with 4¢,6-diamidino-2-phenylindole (DAPI). The sections were blind reviewed by a neuropathologist.
Construction of shRNA-expressing plasmid and transfection of shERK
The plasmid vector, pSilencerÔ 4.1-CMV (Ambion, Austin, TX), was used in the construction of the shRNAexpressing vector, and human ERK sequence was used as the shRNA target sequence. Inverted repeat sequences were synthesized for ERK. The inverted repeats were laterally symmetrical, making them self-complimentary with a 9-bp mismatch in the loop region. This 9-bp mismatch would aid in the loop formation of the shRNA. Oligonucleotides were heated in a boiling water bath in 6 · saline sodium citrate for 5 min and self-annealed by slow cooling to room temperature. The resulting annealed oligonucleotides were ligated to pSilencer at the BamHI and HindIII sites. For transfection, the cancer cells were cultured as previously mentioned. Cells at 60%-70% confluence in 100-mm tissue culture plates were transfected with 10 mg of shRNA-expressing plasmid constructs (shERK) using Fugene HD following the manufacturer's instructions (Roche). Similar methodology was followed when shFAK and specific siRNA to integrin b1 (Santa Cruz Biotechnology, Inc.) were used to transfect U251 and 5310 cell lines. For treatments with rERK, U0126, and 10074-G5, both U251 and 5310 cells were treated with 10 mM U0126 kinase inhibitors (Promega), 25 mM 10074-G5 (Santa Cruz Biotechnology, Inc.), or 50 ng rERK (Sigma) for 12 h.
Cell cycle analysis using flow cytometry
Progression of glioblastoma through different cell cycle phases was monitored by flow cytometric analysis of U251 and 5310 controls, shERK-transfected samples, rERK-treated samples, and shERK-transfected samples treated with rERK. DNA content was analyzed by staining with propidium iodide and carried out with a fluorescence-activated cell sorter (FACS Caliber flow cytometer; Becton Dickinson, San Jose, CA). The percentage of cells within G 1 , S, G 2 , and M phases was determined using CellQuest software. Approximately 10,000 events were counted for each analysis, and 3 to 4 independent experiments performed in triplicate were conducted for each group (n = 3). 
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Immunocytochemistry
Cells were grown in 2-well chamber slides, washed with PBS, fixed, permeabilized with ice-cold methanol, and blocked with 10% goat serum for 1 h. Cells were incubated with primary antibodies for either 2 h at room temperature or overnight at 4°C, washed with PBS, and incubated with fluorescent-labeled, species-specific secondary antibodies (Alexa Fluor Ò ) for 1 h at room temperature. Before mounting, the slides were washed with PBS, incubated for 3 min with DAPI for nuclear staining, and analyzed under a microscope (Olympus BX61 Fluoview, Minneapolis, MN).
Immunoprecipitation analysis
Protein lysates were prepared from 3-5 mm 3 pieces of frozen intracranial tumors. Approximately 200-400 mg of protein cell lysates were incubated at 4°C with 50 mL of Protein G/A beads (Miltenyi Biotec, Auburn, CA) and followed by sequential additions of 10 mL (2 mg) of pERK and Mad antibodies with end-to-end rotation overnight. The immunoprecipitates were then loaded onto ''m'' columns (Miltenyi Biotec) and rinsed with lysis buffer. The columns were washed twice with 200 mL of lysis buffer. Preheated (95°C) 1 · SDS gel loading buffer was loaded onto the column matrix using a fresh pipette tip and was incubated at room temperature for 5 min. After discharging the supernatant, 50 mL of 1 · SDS gel loading buffer was added to the immunoprecipitates, and the supernatants were then collected and loaded into 10%-12% SDS-PAGE followed by electrophoretic transfer to nitrocellulose membranes for further analysis.
Intracranial administrations of glioma cells and hUCBSC in nude mice
The Institutional Animal Care and Use Committee of the University of Illinois College of Medicine at Peoria approved all surgical interventions and postoperative animal care. Glioma cells were intracerebrally injected into the right side of the brains of nude mice with 10 mL aliquots of U251 and 5310 (1 · 10 6 ) cells under isofluorane anesthesia with the aid of a stereotactic frame. hUCBSC were injected near the left side of the brain after a week of tumor implantation. The ratio of the hUCBSC to cancer cells was maintained at 1:1. Three weeks after tumor inoculation, 6 mice from each group were sacrificed by intracardiac perfusion, first with PBS and then with 4% buffered formalin. The removed brains were stored in 4% paraformaldehyde, processed, embedded in paraffin, and sectioned (5 mm thick) using a microtome. Paraffin-embedded sections were stained with hematoxylin and eosin to visualize tumor cells.
Statistical analysis
Quantitative data from cell counts, FACS analysis, western blot analysis, and other assays were evaluated for statistical significance using 1-way analysis of variance (ANOVA). Data for each treatment group are represented as mean -standard error of the mean and compared with other groups for significance by 1-way ANOVA using Graph Pad Prism version 3.02, a statistical software package.
Results
hUCBSC treatment downregulates ERK in glioma cells
Positive expression of ERK and pERK was observed in U251 and 5310 tumors but this expression was reduced in the mice treated with hUCBSC. Immunohistochemistry analysis demonstrated that the ERK was localized in the cytoplasm whereas pERK mainly was localized in the nucleus of the glioma cells (Fig. 1A, B) . Treatment with hUCBSC downregulated the expression of activated form, pERK. Negligible change was observed in the total ERK levels. Further our results obtained from the translocation/ phosphorylation assay suggest that hUCBSC restricts ERK to the cytoplasm. The levels of pERK were significantly reduced in the hUCBSC cocultured samples when compared with U251 and 5310 control cells and the positive control tamoxifen (Supplementary Fig. S1C ; Supplementary Data are available online at www.liebertonline.com/scd). To study the role of hUCBSC treatment on the cellular levels of ERK along with other critical cell cycle regulators including pERK, MEK1, c-Myc, and cyclin D1, we treated glioma cells with hUCBSC for 72 h. Cells were then subjected to western blot analyses. The results showed that hUCBSC treatment considerably reduced the expression levels of pERK and their downstream target molecules, MEK1, c-Myc, and cyclin D1 in both U251 and 5310 cells (Fig. 1C, D) . Similar results were observed in the in vivo samples (Fig. 1E, F) . Further RT-PCR analysis in vitro and in vivo samples reduced expression levels of ERK and its downstream molecules in the cocultured cells, when compared to the U251 and 5310 glioma controls (Fig. 1G, H) . Taken together, these experiments aimed at studying the protein and mRNA levels clearly demonstrate that hUCBSC treatments regulate the expression levels of ERK and its regulatory molecules in U251 and 5310 glioma cells.
hUCBSC reduce invasive potential of glioblastoma by downregulating ERK
To test whether expression of ERK in glioblastoma cells drives cell invasion, we performed an in vitro cell Matrigel invasion assay. The invasion capacity of the U251 and 5310 glioma cells was reduced in the cells treated with hUCBSC treatment for 72 h (Fig. 2) . Further, to show the role of ERK in glioma cell invasion we transfected U251 and 5310 cells with shRNA specific to ERK. When compared to the control U251 and 5310 cells, the shERK-transfected cells showed reduced invasion potential, suggesting that ERK inhibition is required to control invasion inferring that the ERK signaling pathway may be activated during glioblastoma cell invasion. We next treated the glioma cells with rERK (10 ng) for 12 h. The ability of the treated cells to potentially invade the Matrigel increased when compared with the control glioma cells, thereby indicating that ERK may be an important candidate molecule that regulates cell invasion. Likewise, we examined to what extent hUCBSC 1782 VELPULA ET AL.
could inhibit the overexpressed ERK (rERK treatment). Interestingly, hUCBSC inhibited the invading capacity that significantly increased upon rERK treatment ( GAPDH was used as an internal control for equal loading of the PCR products. Results presented in this study are the representative images of 3 independent experiments (n = 3) and results are expressed as mean -SE. *P < 0.05. hUCBSC, human umbilical cord blood stem cell; ERK, extracellular signal-regulated kinase; IHC, immunohistochemistry; RT-PCR, real-time polymerase chain reaction; SE, standard error. Color images available online at www.liebertonline.com/scd decreased levels of ERK and its downstream regulatory molecules (Fig. 2B, C) . The ERK protein is known to activate the transcription of several genes that are critical in maintaining proper cell cycle entry [13] . To study the presumptive role of ERK in regulating glioma cell cycle progression, U251 and 5310 glioma cells were subjected to FACS analysis. The results showed 41%, 64% of G 0 -G 1 phase, 7%, 6% of S phase, and 26%, 15% of G 2 -M phase in the U251 and 5310 cells respectively, whereas shERK-transfected samples have shown 29%, 35% of G 0 -G 1 phase, 8%, 6% of S phase, and 11%, 10% reduction in G 2 -M phase, respectively. Treatment with rERK after 12 h in U251 and 5310 control cells showed 55%, 75% of G 0 -G 1 phase, 5%, 4.5% of S phase, and 30%, 15% of G 2 -M phase, whereas shERK-transfected samples treated with rERK showed 42%, 43% of G 0 -G 1 phase, 11%, 11% of S phase, and 25.76%, 23.67% of G 2 -M phase, respectively (Fig. 2D, E) . When compared with control cells, shERKtransfected samples showed decreased ERK expression as demonstrated by immunoblot analysis. Conversely, addition of rERK to shERK-transfected samples resulted in increased endogenous levels of ERK in U251 and 5310 cells (Fig. 2F) .
ERK regulates integrin-mediated invasion
Previous studies have shown significant increase in the expression of integrins and integrin mediated human cancer cell invasion [14, 15] . Based on these studies, we framed the present study to elucidate a possible mechanism involving ERK-mediated glioma invasion. Given the importance of invasion in glioblastoma progression, we investigated whether ERK expression could support this activity in U251 and 5310 cells. To test whether a functional correlation exists between the expression of ERK and upregulation of the integrins, we asked whether the hUCBSC treatment can regulate integrin-enhanced invasion. Western blot analysis of invasion associated molecules showed increased levels of a 9 integrin, b 1 integrin, a 9 b 1 integrin, Grb2, vincullin, focal adhesion kinase (FAK), and paxillin in the glioma cells whereas cells cocultured with hUCBSC for 72 h exhibited significantly reduced expression levels of these molecules (Fig. 3A) . Immunoblot analysis performed on control and hUCBSC-treated brain tumors confirm these findings, and the results obtained are in accord with the in vitro analysis (Fig. 3B) . As a second test of the role of ERK in integrin-mediated invasion, we examined the effect of ERK gene knockdown. Expression levels of a 9 integrin, b 1 integrin, a 9 b 1 integrin, Grb2, and FAK decreased in shERK-transfected glioma cells when compared with the control cells (Fig. 3C) . Reduction of ERK probably abrogated integrin-mediated invasion of these cells.
High expression of a 9 b 1 integrin on malignant gliomas suggests its importance for pathological tumor progression. This integrin acts as a multifunctional receptor by interacting with various endogenous ligands possibly spreading tumor to nonaffected areas of the brain. Given the need for ERK activation and the importance of integrins as promoters of invasion, we next examined any functional relationship that may exist between ERK activation and the b 1 integrin in the context of its knockdown by integrin b1 siRNA. Knockdown of the b 1 integrin in both U251 and 5310 cells did not result in any change in total ERK levels but significantly downregulated pERK levels (Fig. 3D, E) .
Studies on integrin clustering revealed the prominence of FAK and its subsequent activation of downstream effector molecules like ERK. To further confirm the role of FAK in ERKmediated invasion, we treated U251 and 5310 cells with shERK. Western blot analysis showed FAK suppression with ERK knock down (Fig. 3C) . We next treated U251 and 5310 cells with shRNA specific for FAK. We observed a transient
FIG. 3. Effect of hUCBSC treatment and shERK transfections on the expression of integrins in U251 and 5310 cells. (A)
Western blotting of in vitro and in vivo samples. Briefly, cell lysates from in vitro samples (1 · 10 6 cells) were prepared from U251 and 5310 cells alone or in coculture with hUCBSC for 72 h. Cell lysates were prepared as previously described. Western blotting was carried out to determine the effect of hUCBSC on integrin a9, integrin b1, integrin a9b1, GRB2, vincullin, FAK, and paxillin. (B) In vivo expression was studied by loading equal amounts of protein (40 mg) from tissue lysates of untreated and treated mice brains onto 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The transferred proteins were then probed with respective antibodies. GAPDH served as the loading control. Each experiment was repeated 3 times. decrease in the amounts of pERK whereas total ERK did not show any significant change (Fig. 3F, G) . Immunocytochemical analysis of shERK-transfected U251 and 5310 cells probed with a 9 b 1 integrin showed decreased expression levels that is indicative of the regulatory function of ERK ( Supplementary  Fig. S1B ).
hUCBSC reduces the interaction of ERK with FAK and a 9 b 1 integrin Our primary assumption was that ERK association with the a 9 b 1 integrin mediated by FAK is integral to the mechanism by which ERK regulates glioblastoma invasion. Therefore, we sought to identify the possible association using immunoprecipitation experiments. As a first step, we tested the effect of shERK treatments on a 9 b 1 integrin and FAK. Expression of both a 9 b 1 integrin and FAK were observed to be reduced (Fig. 4A) . Similar to shRNA treatments, coculture of U251 and 5310 cells with hUCBSC also showed reduction in the expression levels of both a 9 b 1 integrin and FAK (Fig. 4B ). Because we were specifically interested in the role of c-Myc on ERK, as our bioinformatic approach showed c-Myc putative binding sites in the ERK promoter (Acc No: NM_002745) ( Supplementary Fig. S2 ), we also examined cMyc in the present study. When glioma cells alone and in coculture with hUCBSC were immunoprecipitated with cMyc and immunoblotted with pERK, MAX, and FAK antibodies, a reduction was observed in the expression levels of pERK, MAX, and FAK suggesting an interplay between these molecules (Fig. 4C) . Previous studies have demonstrated that integrin signaling through FAK plays an important role in the regulation of cell cycle progression correlating with changes in the expression of cyclin D1 [16] . In another study, ERK acts downstream of Src-FAK signaling [17, 18] and upstream to regulate FAK and Paxillin expression [19] . In the present study we found that c-Myc associates and interacts with FAK. This interaction may be viewed more as a general role in regulating cell cycle progression. We noticed that in shFAK-treated samples, c-Myc expression levels were reduced (Fig. 4D) . These results suggest that ERK downregulation aided in reduced invasion and may involve critical players like FAK, c-Myc, and a 9 b 1 integrin.
Studies on c-Myc/Max and c-Myc/pERK using U0126 or 10074-G5
Since c-Myc expression was downregulated during the coculture treatment with hUCBSC (Fig. 1C, E) , we sought to determine whether c-Myc functions as a target of the ERK pathway which might affect cyclin D1 activity. To evaluate this finding, we treated U251 and 5310 cells with 10 mM U0126 (MEK/ERK inhibitor) for 12 h followed by immunoblot analysis. U0126 induced c-Myc downregulation in the U0126-treated samples when compared with the untreated control cells. The level of pERK was markedly reduced, whereas the expression level of ERK was unaffected in the treated cells when compared with the controls (Fig.  5A) . The RT-PCR analysis showed similar results compared with immunoblotting analysis (Fig. 5B) . When we treated U251 and 5310 cells with 25 mM 10074-G5 (Myc-Max inhibitor) for 12 h, we observed reduced expression levels of pERK but no significant change in the expression levels of total ERK (Fig. 5C) . RT-PCR analysis of 10074-G5-treated samples showed reduced expression of ERK and c-Myc (Fig. 5D) . These results and promoter analysis demonstrate that c-Myc functionally regulates ERK (Supplementary Fig.  S2 ). These results also show that U0126 and 10074-G5 regulate the expression levels of ERK and c-Myc at both the transcriptional and translational levels. Immunoprecipitation experiments aimed to study the interaction between pERK and c-Myc showed decreased expression levels of cMyc, suggesting the existence of possible regulatory mechanism (Fig. 5E ). Since we found that the 10074-G5 molecule inhibits c-Myc activity by blocking Max, we inferred its role in regulating ERK pathway. Interestingly, high levels of Max protein in the hUCBSC-treated brain tumors in our studies fueled the need to investigate other Max interacting molecules. Recent evidence suggests a functional correlation to Mad1 protein, which acts as an antagonist to c-Myc [20, 21] . Western blot analyses performed to determine Mad activity showed increased expression levels in hUCBSC treated xenograft lysates when compared with controls (Fig. 5F ). The result point out to a new regulatory mechanism of c-Myc and ERK activity, as illustrated by the increase in Mad and Max protein levels in the coculture experiments (Fig. 5F) . 
pERK co-localization with c-Myc and Mad in glioblastoma cells
To examine mechanisms by which hUCBSC mediate suppression of cancer cell growth, we determined the expression levels of c-Myc and Mad in control and hUCBSCtreated tumor sections. For this study, we carried out colocalization experiments with pERK, c-Myc, pERK, and Mad antibodies. pERK and c-Myc were highly expressed in the control brain tumor sections as compared to hUCBSC-treated brain tumor sections (Fig. 6A) . In another experiment, we checked the co-localization of pERK and Mad in both control and hUCBSC-treated mice brain tumor sections. pERK was highly expressed in both U251 and 5310 control brain tumors whereas Mad was expressed in hUCBSC-treated mice brains; co-localization of pERK and Mad was almost negligible (Fig.  6B) . We then checked whether the expression of ERK in the control tumor was reduced with hUCBSC treatment. Immunohistochemical analysis was performed using CD81 (mesenchymal stem cell marker) and ERK antibody. ERK was highly expressed in the control tumors with negligible CD81 levels whereas hUCBSC-treated brain sections showed high expression levels of CD81 with reduced expression of ERK ( Supplementary Fig. S1A ). Based on the hypothesis that coordinated expression of c-Myc with Max protein may trigger transcription of c-Myc, and since deregulated expression of c-Myc is most commonly observed in glioma tumors, we tested the interaction of c-Myc with Max. Enhanced expression levels of both c-Myc and Max were observed in U251 and 5310 control cells, whereas their colocalized expression was observed to be reduced when treated with hUCBSC (Fig. 6C) . Collectively, these results indicate that hUCBSC treatment regulates the expression and function of c-Myc, pERK, Mad, and Max in glioma cells.
shERK increases levels of Mad and Max while rERK shows antagonistic expression
In the present study, we have shown that shERK treatment reduced the G 0 -G 1 phase, which is in continuation with the results of our earlier report [11] . We hypothesize that ERK may regulate cyclin D1 activity through c-Myc. We next asked whether cell cycle regulatory proteins like c-Myc and cyclin D1 were modulated in shERK-treated cells by immunoblotting analysis. Figure 7A shows that shERK treatment in glioma cells induced decrease in pERK, c-Myc, and cyclin D1 levels when compared with the control cells. Moreover, Mad and Max protein levels were increased with shERK treatment. However, there was no significant change in the total ERK levels. RT-PCR analysis of shERK showed decreased transcript levels of ERK, c-Myc, and cyclin D1, and increased levels of Mad1 and Max (Fig. 7B) . These results point to the existence of a pathway in which expression of Mad-Max proteins in the ERK shRNA treatments halts c-Myc and cyclin D1 activity, thereby mediating G 0 -G 1 cell cycle arrest in glioblastoma control cells. Conversely, U251 and 5310 cells, when treated with 50 ng of rERK, showed increased levels of total ERK, pERK, cyclin D1, and c-Myc protein levels when compared with the control cells ( cyclin D1 activity. We next explored whether downregulation of FAK regulates the expression of a 9 b 1 integrin and c-Myc. As shown in Fig. 7D , shFAK-transfected samples show significant reduction in the expression levels of both a 9 b 1 integrin and c-Myc. In contrast, Mad1 protein expression was observed to be significantly higher in the shFAK samples. However, the mechanism, through which FAK downregulation increases Mad1 expression, is not clear.
Mad exhibits more affinity towards Max in hUCBSC cocultures
To evaluate whether the transcriptional control of ERK is mediated by Mad-Max interactions in coculture with hUCBSC and to promote the hypothesis that expression of Mad-Max complex represses ERK activity, we carried out colocalization experiments with Mad and Max in both control and hUCBSC-treated glioma samples. In hUCBSC-treated cocultures and also in vivo experiments, Mad1 was found to be associated with Max as shown by their high degree of colocalization in the co-localization experiments. However, no such association was observed in the controls, both in vitro and in vivo models (Fig. 8A, B) . We also performed immunoprecipitation studies to identify physical interactions between Mad and Max. Western blot analysis on the immunoprecipitates showed that Mad-Max interaction was greater in the U251 and 5310 glioma cells cocultured with hUCBSC when compared with control glioma cells. The possible mechanism by which hUCBSC may regulate the glioblastoma progression was schematically represented in Fig. 8D .
Discussion
The dismal prognosis observed in glioblastoma treatment is mainly due to the highly invasive nature of glioblastoma cells. Knowledge of the mechanisms and factors involved in tumor cell invasion helps us to understand the mandatory need for the identification of new therapeutic targets [22] .
In our earlier studies we demonstrated that hUCBSC control glioma cell cycle progression by downregulating the expression levels of cyclin D1 and its partner kinases Cdk4 and Cdk6 [11] . Based on our previous results, we explored the possibility that hUCBSC downregulate the expression of ERK, pERK, and c-Myc, thereby downregulating cyclin D1 and promoting cell cycle arrest. ERK translocation to the nucleus is essential for G 1 phase progression [23] . Immunohistochemical staining of the tissue sections from control and hUCBSC-treated mice have shown that hUCBSC not only downregulates ERK but also its active form pERK. In line with our findings, U0126 treatment in embryonal rhabdomyosarcoma tumors downregulated phosphoactive ERK, c-Myc, and cyclin D1, suggesting the role of ERK in reducing c-Myc and cyclin D1 activity [24] .
Accumulating evidence from various studies suggest the potential role of the ERK pathway in the migration of various cell types, and that the activation of ERK contributes to the progression of tumors through transcriptional regulation of metastasis-related genes [25, 26] . The ERK inhibitor PD98059 suppressed the proliferation of glioma C6 cells indicating that activation of ERK was integral to the invasion/migration of human chondrosarcoma cells [27] and U87 glioma cells [28] . These findings provide support for the possibility that ERK activation is conceivably critical for the invasion/ migration of glioma cells. In the present study, we showed suppression of glioma cell invasion with hUCBSC treatment. Transfection with shERK suppressed the invasion of glioma cells, testifying that activation of ERK is essential in the invasion of glioma cells. Addition of rERK increased invasion potential of the control glioblastoma cells. Surprisingly, rERK-induced invasion of the glioma cells was blocked by hUCBSC coculture treatment. Our results suggest that ERK activation is critical for the invasion of glioma cells and hUCBSC identifies ERK as a potential target molecule, eventually downregulating ERK to treat glioblastoma. In line with the results of the Matrigel invasion assay, immunoblotting showed that expression of ERK, pERK, c-Myc, and cyclin D1 was inhibited when cells were treated with hUCBSC or shERK, or rERK treated cells cocultured with hUCBSC. In addition to the aforementioned means, FACS analysis provides an alternative method to explain the effect of ERK on cell proliferation and survival. Results show that shERK decreased G 0 -G 1 phase and retarded the cell cycle. Notably, the addition of rERK to shERK-transfected U251 and 5310 cells induced an obvious increase in the G 0 -G 1 peak. These results support previous findings by Liu et al. [29] who demonstrated that inhibition of MEK1/2 in ERKdepleted cells arrest cells at the G 1 phase. This suggests that downregulation of ERK by hUCBSC may be regarded as a key step for the regulation of glioblastoma progression.
Earlier studies propose that integrins directly regulate ERK by modulating growth factor-stimulated ERK activity [30] . Integrins are imperative for cell migration and invasion since they directly mediate adhesion to the extracellular matrix, regulate intracellular signaling pathways involving phosphorylation of FAK, and recruit adaptor proteins like GRB2 [31] along with subsequent downstream effector molecules like vincullin and paxillin. Activated FAK binds to ERK and is mediated by integrin activation [32] , which in turn, promotes cell proliferation. Based on earlier findings, we hypothesize that integrins directly activate ERK through FAKdependent pathways. In this study, we propose that a 9 b 1 integrin is an active target of ERK in U251 and 5310 cells. a 9 b 1 integrin is not found on normal astrocytes whereas it is highly expressed in glioblastoma cells, suggesting its importance in pathological tumor progression. Immunoblotting experiments with cocultured glioma cells with hUCBSC both in vitro and in vivo showed decreased expression levels of a 9 , b 1 , a 9 b 1 , FAK, GRB2, vincullin, and paxillin. These results are in accord with recent evidence by Brown et al. [33] that the expression of a 9 b 1 in LN229 and LN18 cell lines was necessary for NGFinduced tumor progression through direct interaction and activation of MAPK ERK1/2 pathway. Young et al. [34] reported that the cytoplasmic domain of the a 9 integrin subunit is important to augment the rate of cell migration, which is in agreement with a 9 b 1 integrin-dependent pro-migratory activity of NGF. In another report, a 9 b 1 integrin, after binding to its ligand NGF, induced activation of a focal adhesion adaptor protein, paxillin, thereby activating cell migration [35] . In the present study, for the first time, we suggest the possibility of regulating glioblastoma invasion by targeting a 9 b 1 and ensuring its downregulation by reducing ERK levels. hUCBSC exerts its potential role in regulating invasion by downregulating ERK, thereby reducing its interactions with FAK, which in turn, controls the expression levels of a 9 b 1 integrin.
To elucidate the role of ERK in functional regulation of glioma cell progression, we focused our studies on transcriptional regulation of c-Myc and its downstream molecule cyclin D1. c-Myc and Ras/MEK/ERK pathways play important roles in the progression of the G 1 -cell cycle phase [24, 36, 37] by enhancing cyclin expression and CDK/cyclin complex activities [38] . Use of U0126, a MEK/ERK pathway inhibitor, demonstrates the role of ERK in promoting G1 cell cycle arrest [39] . In the present study, we found that inhibition of ERK activity by decreased c-Myc expression and treatment with 10074-G5 decreased both c-Myc and pERK expression levels. Taken together, these data are in line with the notion that aberrant growth of glioblastoma cell lines can be impeded by targeting c-Myc following ERK inhibition.
It is understood that the ability of c-Myc to modulate the transcription of its target genes is regulated by stoichiometry of the Myc, Max, and Mad proteins [40] . The formation of the Myc-Max heterodimer promotes its binding to the E-box with subsequent interaction with transformation/transcription domain-associated protein and recruitment of histone acetylases to activate transcription [41] . In another study, it was found that Max functions as the central molecule forming transactivating complexes when it dimerizes with cMyc or transrepressor complexes when it dimerizes with Mad. Therefore, the target gene activation or repression depends on the levels of Myc-Max-Mad interactions [42] . Mad expression reinforces the downregulation of c-Myc protein function by binding to Max and forming heterodimers, thereby making Max unavailable for c-Myc and also competes with Myc-Max complexes for binding to DNA target sites [43] . In addition, previous studies have shown that expression of Mad blocks the human hepatocellular carcinoma BEL-7404 cells at the G 0 -G 1 phase. It has also been shown that an adenoviral Mad-expressing vector, when transfected in U373MG glioblastoma cells, led to increased accumulation of cells in G 2 -M phase [44] . Marampon et al. [36] reported that transfection of Mad-Myc chimera in the human muscle derived rhabdomyosarcoma cell line and in nonmuscle-derived human tumor cell lines SW403, IGR39 and PC3 repressed c-Myc activity and caused growth arrest in the G 0 -G 1 phase. Our data prompted us to study the underlying mechanisms that possibly regulate ERK and c-Myc. In the present study, FACS analysis carried out to study the different phases of cell cycle after treatment with hUCBSC only shows a G 0 -G 1 peak. Immunoblotting of the samples treated with hUCBSC demonstrated high expression levels of Mad and Max, suggesting that expression of Mad baits Max to form a complex. The high expression levels of either Mad or Max in the immunoblot cocultures, the presence of only G 0 /G 1 phase in the FACS analysis, and the great degree of co-localization of Mad-Max in the hUCBSC-treated samples suggest a hypothetical mechanism in which hUCBSC express more of the transcriptional repressor protein Mad, which in turn, quenches Max from c-Myc, which reduces glioblastoma progression and invasion. In fact, we show increased expression levels of Myc and Mad in shERK-transfected U251 and 5310 cells whereas rERK treatment decreased expression levels of Mad and Max; these data support our hypothetical mechanism and are in line with our immunohistological data. Moreover, it is evident from our study that the interaction between Mad and Max ultimately downregulates c-Myc expression, thereby functionally causing downregulation of the ERK pathway. This functional correlation should be explored as a potential target in new therapeutic approaches for glioblastoma. In conclusion, the results of our study demonstrate that Mad and Max and their interactions serve as negative regulators of glioblastoma progression and promote tumor regression by virtue of their effect on c-Myc and ERK.
